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SUMMARY 

by M. V. Samokhin 

The distribution of the longitudinal electric field and the density 
of charged particles are investigated in a one-dimensional symmetrical 
magnetic mirror for a given potential difference between the magnetic equa- 
tor and a certain plane, behind which total absorption of charged particles 
takes place. 
are located between the equator and the absorption plane, have a Maxwellian 
distribution by velocities, while particles with mirror points situated out- 
side that region, are absent (such a distribution by velocities is called 
quasi-Maxwellian). 

It is assumed that the charged particles whose mirror points 

Discussed here is the formation mechanism of the soft component in the 
outer trapped radiation belt, which is linked with the escape of charged par- 
ticles of low energy into the polar atmosphere under the action of a longi- 
tudinal electric field in combination with the azimuthal particle drift in a 
nonuniform magnetic field, and in the presence of directed motion of matter 
in the Earth's magnetosphere. 

* 
* *  

The Earth's magnetosphere constitutes a region inaccessible for the 
plasma of solar corona (forbidden zone) [l]. It may be shown that in a quasi- 
hydrodynamic two-dimensional model of rarefied plasma supersonic flow in the 
equatorial plane of the magnetic dipole, there exist a motion of matter inside 
the Earth's magnetosphere (fountain effect in the forbidden zone) [2]. Thus, 
there is inside the magnetosphere an electric field perpendicular to magnetic 
lines of force. 
must also result in the emergence of a longitudinal electric field; this is 
due to the absence of collisions and the inhomogeneity of the magnetic field 
(in this region of rarefied plasma the notion of longitudinal conductivity is 
inapplicable [3]). The study of the acceleration mechanism of aurora protons 
on rockets shows that this mechanism acts at altitudes of the order of 300 km, 

In reality, the motion of matter inside the magnetosphere 
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and t h a t  i t  has  t h e  fo l lowing  p e c u l i a r i t i e s :  

1) a t  low a l t i t u d e s  a p r e f e r e n t i a l  motion of p ro tons  i s  noted ,  upward 
along t h e  magnetic f i e l d  l i n e s ;  

2)  t h e  p i tch-angles  of protons,  moving upward a long  t h e  f i e l d  l i n e s ,  
correspond t o  m i r r o r  p o i n t s  i n  the  atmosphere;  

3) a dec rease  i s  observed of t h e  downward d i r e c t e d  pro ton  f l u x  wi th  
m i r r o r  p o i n t s  l y i n g  above t h e  atmosphere, whereupon t h e  p ro ton  f l u x  d i r e c t e d  
upward does no t  dec rease .  

These p e c u l i a r i t i e s  of t h e  a c c e l e r a t i o n  mechanism may be s a t i s f a c t o r i l y  
expla ined  if one assumes t h a t  p ro tons  of p o l a r  a u r o r a e  are a c c e l e r a t e d  by a 
l o n g i t u d i n a l  e l e c t r i c  f i e l d  a t  a l t i t u d e s  g r e a t e r  t han  300 km d i r e c t e d  upward 
a long  t h e  magnetic f i e l d  li es, w h i l e  t h e  corresponding d i f f e r e n c e  i n  poten- 
t i a l s  a t t a i n s  t e n s  of k i l o v o l t s  [ 4 ] .  The same conclus ions  fo l low from t h e  
o b s e r v a t i o n  i n  t h e  au ro ra  zone of r ed  s h i f t  of hydrogen s p e c t r a l  l i n e s  i n  t h e  
d i r e c t i o n  of t h e  magnet ic  z e n i t h  151. F i n a l l y ,  t h e  same o r d e r  of magnitude 
is g iven  t h e  e lec t r ic  f i e l d  by d i r e c t  measurements i n  t h e  p o l a r  au ro ra  zone 
[ 6 ] .  This  is why, i t  appea r s  t o  b e  of i n t e r e s t  t o  i n v e s t i g a t e ,  on t h e  one 
p a r t ,  t h e  c h a r a c t e r  and t h e  causes  of e x i s t e n c e  of l o n g i t u d i n a l  e l e c t r i c  f i e l d s ,  
and t h e  s tudy  of t h e  i n f l u e n c e  of t h e s e  f i e l d s  on t h e  d i s t r i b u t i o n  of charged 
p a r t i c l e s ,  t h e  v a r i a t i o n  of p a r t i c l e  d i s t r i b u t i o n  f u n c t i o n s ,  t h e  Doppler s h i f t  
of emiss ion  s p e c t r a ,  e t c . ,  on t h e  o t h e r .  

Proposed i n  I 7 1  is  an a c c e l e r a t i o n  mechanism of a u r o r a  e l e c t r o n s  i n  t h e  
magnetosphere,  l i n k e d  wi th  t h e  e x c i t a t i o n  of i o n i c  sound as a consequence of 
i n s t a b i l i t y  of t h e  plasma, i n  which current :  f lows  a long  t h e  magnet ic  f i e l d  
l i n e s  (e lec t rodynamic  t u r b u l e n t  hea t ing  of e l e c t r o n s ) .  This  mechanism induces  
s h o r t l i v e d  l o n g i t u d i n a l  e lec t r ic  f i e l d s .  T h e  second p o s s i b i l i t y  is  t h e  e x i s t -  
ence of l o n g i t u d i n a l  e l e c t r o s t a t i c  f i e l d s ;  i t  i s  cons idered  i n  [3, 81. I f  t h e  
c o l l i s i o n  e f f e c t  is  n e g l i g i b l y  smal l ,  t h e  e x i s t e n c e  of a l o n g i t u d i n a l  e l e c t r i c  
f i e l d  becomes a n e c e s s i t y  i n  c a s e  of d i f f e r e n t  d i s t r i b u t i o n s  of e l e c t r o n s  and 
i o n s  by p i t ch -ang les  f o r  a s s u r i n g  t h e  q u a s i n e u t r a l i t y .  

Beyond t h e  plasmapause,  t h e  dens i ty  of t h e  magnetospheric  plasma i s  such 
t h a t  l rd<L\s j . ,  where rd  i s  t h e  Debye r a d i u s ,  L i s  t h e  c h a r a c t e r i s t i c  dimen- 
s i o n  of t h e  problem and X i s  t h e  l eng th  of t h e  f r e e  p a t h  of t h e  charged par-  
t ic le .  Because of t h e  sma l lnes s  of r d ,  t h e  l o n g i t u d i n a l  e l ec t r i c  f i e l d  must 
be  determined from t h e  c o n d i t i o n  of q u a s i n e u t r a l i t y ,  ne = n i  ; i f  f o r  c e r t a i n  
g i v e n  d i s t r i b u t i o n  f u n c t i o n s  of charged p a r t i c l e s  by v e l o c i t i e s  t h i s  c o n d i t i o n  
can  n o t  be f u l f i l l e d ,  t h e  corresponding s t a t i o n a r y  states are imposs ib le  [9]. 
The d i s t r i b u t i o n  of t h e  e l e c t r o s t a t i c  f i e l d  and of t h e  d e n s i t y  of charged par-  
t i c l e s  i n  a onedimensional  symmetric m i r r o r ,  f o r  a g iven  p o t e n t i a l  d i f f e r e n c e  
between t h e  equa to r  and a c e r t a i n  p lane ,  abeve which p a r t i c l e s  are f u l l y  ah- 
s o r b e d , i s  s t u d i e d  i n  [9]. 
t h e  magnet ic  e q u a t o r i a l  p l a n e ;  theoremes are demonstrated of t h e  e x i s t e n c e  
and uniqueness  of s o l u t i o n s  f o r  monoenergetic d i s t r i b u t i o n s  and r e s u l t s  are 
p resen ted  for: monoenergetic q u a s i - i s o t r o p i c  d i s t r i b u t i o n s .  Using t h e  same 
model, t h e  p re sen t  work c o n s i d e r s  the more complex c a s e  of nonmonoenergetic, 
quasi-Maxwellian d i s t r i b u t i o n s  of e l e c t r o n s  and i o n s  by v e l o c i t i e s .  

It  is assumed t h a t  a l l  charged p a r t i c l e s  pass  through 
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DENSITY OF CHARGED PARTICLES AND EQUATION 

OF QUASINEUTRALITY 

L e t  u s  cons ide r  a magnetic f i e l d  tube ,  un id imens iona l  i n  t h e  sense  
t h a t  t h e  s p a t i a l  dependence of a l l  q u a n t i t i e s  i s  desc r ibed  by a s i n g l e  coor- 
d i n a t e  s. 
i n c r e a s e s  monotonica l ly  on bo th  s i d e s  of t h e  p l ane  s = 0 ,  which w e  s h a l l  
c a l l  t h e  equa to r .  
We s h a l l  cons ide r  t h a t  t h e  p a r t i c l e s  pas s ing  through t h e  p o i n t  s = l  abandon 
t h e  cons ide red  system. We l i m i t  o u r s e l v e s  t o  t h e  case of s t a t i o n a r y  e lec t r ic  
and magnetic f i e l d s  i n  t h e  presence of r a r e f i e d  plasma c o n s i s t i n g  of elec- 
t r o n s  and s i n g l y  charged i o n s  (rd E L <  A). 

Assume t h a t  t h e  magnetic f i e l d  B has  a minimum Bo a t  s = 0 and 

L e t  us denote  y = B/B, (y h a s  i t s  g r e a t e s t  v a l u e  yl a t  S = l ) .  

L e t  t h e  e l e c t r i c  f i e l d  be  d i r e c t e d  from t h e  equa to r  and the d i f f e r e n c e  
be g i v e n o f  p o t e n t i a l s  between t h e  p o i n t s  s LL= 1 and s = 0. W e  sha l l  assume 
t h a t  t h e  e l e c t r o s t a t i c  po t  n t i a l  a t  t h e  equa to r  i s  ze ro  and denote  a l l  quan- 
t i t i e s  r e l a t e d  t o  t h e  equa to r  by index  z e r o  and those  r e l a t e d  t o  5 = I ,  by 
index  1. Inasmuch as t h e  energy of t h e  p a r t i c l e  i s  an i n t e g r a l  of motion and 
t h e  magnetic moment i s  an a d i a b a t i c  i n v a r i a n t ,  t h e  p a r t i c l e  motion i s  des- 
c r i b e d  by  t h e  e q u a t i o n s  

where sir1 q == VI/ I ' .  I' and 1'- .are r e s p e c t i v e l y  t h e  v e l o c i t y  modulus and i t s  
t r a n s v e r s e  component, V is  t h e  k i n e t i c  and U is t h e  p o t e n t i a l  energy of t h e  
p a r t i c l e  . 

G' Gz i I 

I I 

Fig .  1 

I n  t h e s e  d e n o t a t i o n s  t h e  Maxwellian d i s t r i b u t i o n  f u n c t i o n  has  t h e  form 

where f, is t h e  d imens iona l  c o e f f i c i e n t  and T i s  t h e  tempera ture .  

The equa t ion  (1) of p a r t i c l e  motion may be r ep resen ted  i n  t h e  form 

GZ si115 Q: = c, (3 )  
where C is  a c o n s t a n t ,  
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The dependence of G2 on s i n  t h e  case  when the  e l e c t r i c  p o t e n t i a l  i s  a 
monotonic f u n c t i o n  of s i s  p l o t t e d  i n  F ig .1 .  - 

L e t  us  assume t h a t  t h e  par t ic les  have a quasi-Maxwellian d i s t r i b u t i o n  
t h i s  means t h a t  t h e  p a r t i c l e s ,  whose m i r r o r  p o i n t s  l i e  between by v e l o c i t i e s ;  

t h e  equa to r  and t h e  p lane  s = 1, ha;re a Maxwellian d i s t r i b u t i o n  by v e l o c i t i e s  
(2), and t h a t  t h e r e  are no par t ic les  w i t h  m i r r o r  p o i n t s  above s=!, 
g iven  p o i n t  t h e  d e n s i t y  i s  represented  by t h e  i n t e g r a l  from t h e  d i s t r i b u t i o n  
f u n c t i o n  by v e l o c i t i e s  

A t  t h e  

where p i s  t h e  l i m i t  of t h e  i n t e g r a t i o n  r eg ion  by p i t ch -ang les  f o r  a given 
energy V of the  pa r t i c l e ,  determined by t h e  above i n d i c a t e d  method by the  
p o s i t i o n  of p a r t i c l e ' s  mir ror  p o i n t s .  
d i r e c t i o n  of t h e  e l e c t r i c  f i e l d  f o r  i o n s  of s u f f i c i e n t l y  h igh  e n e r g i e s  and 
e l e c t r o n s  of any e n e r g i e s ,  t h e  l i m i t s  of i n t e g r a t i o n  by p i tch-angles  are 
arc  s i n  G /G) and 7~ /2  (Fig.1,  t o  t h e  l e f t ) ,  f o r  t h e  l eas t  va lue  of G is  reach- 

1 ed a t  t h e  p o i n t  s =  1 [ 9 ] ;  t h e s e  are p o l a r - e q u a t o r i a l  p a r t i c l e s  [ l o ] .  Conse- 
q u e n t l y ,  t h e  d e n s i t y  of e l e c t r o n s  may b e  r ep resen ted  i n  t h e  form 

It i s  easy  t o  see t h a t  f o r  t h e  chosen 

where v = U/2T, x = V / 2 T ,  and the  index e i s  r e l a t e d  t o  e l e c t r o n s .  - 

L e t  u s  cons ide r  low-energy i o n s  (F ig .1 ,  t o  t h e  r i g h t ) .  I t  is c l e a r  
t h a t  i o n s  wi th  e n e r g i e s ,  for  which t h e  dependence G 2 ( s )  is g iven  by t h e  curve 
from the  l e f t  of t h e  d i s c o n t i n u i t y  
i . e . ,  low energy i o n s  f o r  which both  m i r r o r  p o i n t s  are l o c a t e d  on one s i d e  
of t h e  magnetic e q u a t o r i a l  plane [ l o ] ,  when, and only  when t h e  considered 
p o i n t  - s lies between I and the  m i r r o r  p o i n t ,  o r  

p o i n t  of G2 do n o t  e x i s t .  The po la r  i o n s ,  

i . e . ,  

The re fo re ,  t o  energy minimum corresponds yn = y ,  and t o  energy maximum 
Yn = 1, 
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If the maximum of the function G2 is to the left from the considered 
point s L-- the integration by pitch-angles is performed within the limits 
(arc sin YGn2/ G. 3 / 2 ) ;  
(arcsill C', .z/2).  However, Gn2 = C?, so that in both cases the integral 
is written in an identical fashion. 
tion by energies for polar ions coincide, while after intergation by pitch- 
angles the integrands are found to be identical, the density of ions has 
finally the form 

in the opposite case it is performed within the limits 
-A 

Inasmuch as the lower limit of integra- 

Effecting the density normalization of electrons and ions in the equa- 
torial plane, we shall write the quasineutrality equation in the form 

on --_- 

1: X - - + Y - -  

1'1 x+ f l  
x j exp(--t) 1/ 1 ---- 7 / .  dx.  

0 

RESULTS OF NUMERICAL CALCULATIONS 

It follows from formulas ( 6 )  and (10) that in the absence of a longitu- 
dinal field the density of particles is proportional to l.'i - y / y ,  and the 
quasineutrality equation (11) is transformed into an identity. 

Effecting the substitution of the integration variable in the integral 
yielding the density of ions, 

x = u -f (ylvl-- yf) i (yl - y)  

and introducing the denotation 
-- 

' 0  

we shall represent the quasineutrality equation in the following form 
..I 



6 

The a l g e b r a i c  Eq.(12) was reso lved  wi th  t h e  a i d  of a computer u s i n g  s t an -  
da rd  sub-programs f o r  f i n d i n g  t h e  r o o t  of t h e  f u n c t i o n  over  t h e  g iven  segment 
and computing t h e  i n t e g r a l  by t h e  Simpson method. The r e s u l t s  of computation 
of p o t e n t i a l  and d e n s i t y  d i s t r i b u t i o n  of charged p a r t i c l e s  a long  t h e  magnetic 
l i n e  of f o r c e  as a f u n c t i o n  of Y is p l o t t e d  i n  F ig .2 .  
w e  assumed t h e  v a l u e  Yi = 200, which cor responds ,  f o r  example, t o  t h e  p o s i t i o n  
of t h e  a b s o r p t i o n  p l ane  f o r  t h e  f i e l d  l i n e  wi th  L = 8 a t  t h e  d i s t a n c e  of 1.1 RE. 

For t h e  c a l c u l a t i o n s  

Fig.  2 

A ser ies  of curves  i s  p l o t t e d  f o r  v i  = 1, 10 and 100. Curves 1, 2, 3 g i v e  t h e  
d i s t r i b u t i o n  of t h e  d imens ionless  p o t e n t i a l  V l v ,  and cu rves  4 ,  5 ,  6 i l l u s -  
t ra te  t h e  d i s t r i b u t i o n  of t h e  n a t u r a l  l oga r i thm of charged p a r t i c l e s ’  d e n s i t y  
r a t i o  a t  t h e  e q u a t o r ,  no t o  t h a t  a t  t h e  g iven  p o i n t ,  n. The dashed curve in-  
d i c a t e s  t h e  d i s t r i b u t i o n  of t h e  logar i thm of t h i s  r a t i o  of d e n s i t i e s  i n  t h e  
absence  of a l o n g i t u d i n a l  e l e c t r i c  f i e l d .  
o f  charged p a r t i c l e s  is ze ro .  
of t h e  p o t e n t i a l  is l i t t l e  dependent on t h e  q u a n t i t y  q i . e . ,  on t h e  r a t i o  of 
p o t e n t i a l  d i f f e r e n c e  between t h e  equator  and t h e  a b s o r p t i o n  p l ane  t o  plasma 
tempera ture .  
a d i r e c t  p r o p o r t i o n a l i t y ,  i. e . ,  roughly speaking ,  t h e  e l e c t r i c  f i e l d  is pro- 
p o r t i o n a l  t o  grad,,B, as would b e  i n  t h e  c a s e  of monoenergetic d i s t r i b u t i o n  [ 9 ] .  
The d i f f e r e n c e  c o n s i s t s  i n  t h a t  fo r  g r e a t e r  y t h e  p r o p o r t i o n a l i t y  f a c t o r  is  
g r e a t e r  by a f a c t o r  of 2 - 3 than  f o r  y Z 1, whereupon t h i s  d i f f e r e n c e  inc rea -  
ses somewhat w i th  t h e  r i se  of vi The v a l u e  of vl is  more s u b s t a n t i a l l y  man i fe s t  
i n  t h e  d i s t r i b u t i o n  of charged p a r t i c l e  d e n s i t y  a long  t h e  f i e l d  l i n e ,  which 
is s e e n  from t h e  comparison of t h e  dashed curve  with ~iirver 4 ,  5 ,  5. 

A t  t h e  a b s o r p t i o n  p l ane  t h e  d e n s i t y  
I t  may be  seen  from Fig.2 t h a t  t h e  d i s t r i b u t i o n  

The cor responding  dependence between t h e  p o t e n t i a l  and Y is near  

A t t e n t i o n  should be  drawn to i on  c u t o f f  from t h e  s i d e  of low e n e r g i e s .  
I t  s t e m s  from expres s ion  (10) t h a t  a t  the cons idered  p o i n t  t h e r e  are no i o n s  
w i t h  energy x lower than  ( y ~ v l -  yv) / (vi -y). Indeed ,  du r ing  t h e i r  motion i n  t h e  
d i r e c t i o n  toward t h e  p o i n t  y=l . ’ i  the  i o n s  are a c c e l e r a t e d  by t h e  e l e c t r i c  
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f i e l d ,  and i f  t h e  energy x is  s u f f i c i e n t l y  low, t h e  l o n g i t u d i n a l  energy rises 
more r a p i d l y  than  t h e  t r a n s v e r s e  energy ,  t h e  p i tch-angle  does n o t  a t t a i n   IT/^ 
a t  t h e  p o i n t  yl, so t h a t  p a r t i c l e s  d e p a r t  from t h e  considered system. When 
t h e  e l e c t r i c  f i e l d  has  a n  i n v e r s e  d i r e c t i o n ,  t h e  same t a k e s  p l a c e  w i t h  elec- 
t r o n s .  

I n  t h e  E a r t h ' s  magnetosphere such a t u b e  of magnetic l i n e s  of f o r c e  is  
n o t  unidimensional .  P a r t i c l e s  d r i f t  a long  t h e  magnetic l i n e s  of f o r c e  i n  t h e  
az imutha l  d i r e c t i o n  and move i n t o  t h e  depth of t h e  magnetosphere. A t  t h e  same 
time they  h i t  t h e  r e g i o n s  where t h e  d i r e c t i o n  of t h e  l o n g i t u d i n a l  e l e c t r i c  
f i e l d  r e v e r s e s .  T h i s  is  why c u t o f f  t a k e s  p l a c e  f o r  both i o n s  and e l e c t r o n s  
from t h e  s i d e  o f  low e n e r g i e s ,  as p a r t i c l e s  of low energy are a c c e l e r a t e d  by 
t h e  l o n g i t u d i n a l  e l ec t r i c  f i e l d  and pour o u t  i n t o  t h e  atmosphere i n  p o l a r  
r e g i o n s .  Inasmuch as i n s i d e  t h e  magnetosphere t h e  plasma is i n  a state of  
motion [l, 111, whi le  t h e  magnetic f i e l d  is f rozen- in ,  t h e  d e n s i t y  of t h e  m a t -  
ter is a function of magnetic f i e l d  i n t e n s i t y .  Consequently, t h e  r e q u i r e d  
matter d e n s i t y  i n  t h e  i n n e r  reg ions  of t h e  magnetosphere must b e  c r e a t e d  a t  
t h e  expense of p a r t i c l e s  of s u f f i c i e n t l y  h igh  e n e r g i e s ;  t h e  lower l i m i t  of  
energy i s  of t h e  o r d e r  of t h e  l o n g i t u d i n a l  d i f f e r e n c e  i n  t h e  p o t e n t i a l s .  A t  
t h e  p r e s e n t  t i m e  t h e  v e r i f i c a t i o n  and t h e  p r o c e s s i n g  of t h i s  h y p o t h e s i s  on 
t h e  formation mechanism of t h e  s o f t  component i n  t h e  o u t e r  b e l t  of  t rapped  
r a d i a t i o n  is d i f f i c u l t  [12 ] ,  s i n c e  t h e o r e t i c a l ,  as w e l l  as exper imenta l  d a t a  
on t h e  d i s t r i b u t i o n  of t h e  e lec t r ic  f i e l d  i n  t h e  E a r t h ' s  magnetosphere are 
n o t  a v a i l a b l e .  

Thus, i n  one-dimensional tube  of magnet ic  l i n e s  of f o r c e ,  bounded by a 
p l a n e  above which p a r t i c l e s  are f u l l y  abosrbed,  t h e  l o n g i t u d i n a l  p o t e n t i a l  
d i f f e r e n c e  a t  quasi-Maxwellian d i s t r i b u t i o n  f u n c t i o n  i s  approximately pro- 
p o r t i o n a l  t o  t h e  i n t e n s i t y  of t h e  magnetoc f i e l d ;  t h e  v a l u e  of t h e  p o t e n t i a l  
d i f f e r e n c e  r a t i o  t o  temperature  of t h e  plasma h a s  l i t t l e  i n f l u e n c e  on t h e  
d i s t r i b u t i o n  of t h e  p o t e n t i a l ,  and i s  e s s e n t i a l l y  mani fes t  i n  t h e  d e n s i t y  
d i s t r i b u t i o n  of charged p a r t i c l e s .  I f  t h e  e l ec t r i c  f i e l d  is d i r e c t e d  from 
t h e  e q u a t o r ,  low energy i o n s  a r e  a b s e n t ,  and i n  t h e  oppos i te  case e l e c t r o n s  
of l o w  e n e r g i e s  are absent .  T h i s  a l l o w s  u s  t o  v e n t u r e  t h e  assumption on 
t h e  format ion  mechanism of t h e  s o f t  component i n  t h e  o u t e r  b e l t  of  t rapped  
r a d i a t i o n ,  l i n k e d  wi th  t h e  escape  of low energy charged p a r t i c l e s ,  a c c e l e r a t e d  
by t h e  l o n g i t u d i n a l  e lec t r ic  f i e l d .  
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